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ABSTRACT: Age-related hearing loss (ARHL) is the most common sensory disorder in the elderly population. 

SAMP8 mouse model presents accelerated senescence and has been identified as a model of gerontological 

research. SAMP8 displays a progressive age-related decline in brain function associated with a progressive hearing 

loss mimicking human aging memory deficits and ARHL. The molecular mechanisms associated with SAMP8 

senescence process involve oxidative stress leading to chronic inflammation and apoptosis. Here, we studied the 

effect of N-acetylcysteine (NAC), an antioxidant, on SAMP8 hearing loss and memory to determine the potential 

interest of this model in the study of new antioxidant therapies. We observed a strong decrease of auditory 

brainstem response thresholds from 45 to 75 days of age and an increase of distortion product amplitudes from 60 

to 75 days in NAC treated group compared to vehicle. Moreover, NAC treated group presented also an increase 

of memory performance at 60 and 105 days of age. These results confirm that NAC delays the senescence process 

by slowing the age-related hearing loss, protecting the cochlear hair cells and improving memory, suggesting that 

antioxidants could be a pharmacological target for age-related hearing and memory loss. 
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Hearing loss is the most common form of sensory 

impairment in humans, affecting 360 million persons 

worldwide, with a prevalence of 183 million adult males 

and 145 million adult females. In nonsyndromic deafness, 

only hearing function is noticeably altered, whereas 

syndromic deafness is accompanied by other 

physiological defects. Although approximately 1 in 500 

children are born with impaired hearing, sudden or 

progressive forms of hearing loss can manifest at any age 

[1].  

The most common form of sensory impairment in 

elderly people is the age-related hearing loss (ARHL) [2]. 

This disorder is characterized by symmetric sensorineural 

hearing loss that starts at high frequencies with a 

prevalence of 35% of individuals over 65 years of age [3]. 

Although hearing loss has been considered to be part of a 

natural aging process, not all humans suffer from ARHL; 
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genetic studies suggest that the source of variability is 

both genetic and environmental. Interestingly, statistical 

studies have established associations between age-related 

hearing loss and genes linked to reactive oxygen species 

(ROS) detoxification, such as arylamine N-acetyl-

transferase 2 and glutathione S-transferase [4, 5], strongly 

confirming an essential role of mitochondria and 

oxidative stress in age-related hearing loss.  

The senescence-accelerated prone 8 (SAMP8) 

mouse model is a strain derived from AKR/J mouse, 

selected for a phenotype toward accelerated senescence 

with a mean life span of 12 months [6]. SAMP8 mice have 

been identified as suitable for use as models in 

gerontological research [7]. This strain has been widely 

used in aging research to study phenotypes such as 

immune dysfunction, osteoporosis, and brain atrophy 

[6,7]. It has been reported that SAMP8 strain displays 

sequential degeneration of outer hair cells (OHCs), spiral 

ganglion neurons (SGNs), stria vascularis and ultimately 

inner hair cells (IHCs), which mimic human ARHL [8, 9]. 

Moreover, a recent study demonstrated that the molecular 

mechanisms associated with premature SAMP8 

senescence involves oxidative stress, altered levels of 

anti-oxidant enzymes and decreased activity of 

Complexes I, II and IV which in turn lead to chronic 

inflammation and triggering of apoptotic cell death 

pathways [9]. 

High oxidative stress has been universally observed 

in SAMP8 and the age-related cochlear and central 

nervous system damages have also been directly 

associated to increase of ROS, mimicking human 

senescence. For this reason, we hypothesized that N-

acetyl-cysteine, a potent antioxidant able to scavenge a 

big number of oxygen species after transformation to 

glutathione [10], could be an effective therapeutic agent 

to block the activation of age-related cell death 

mechanisms. To validate our hypothesis, we 

administrated NAC in the drinking water ad libitum and 

we analyzed auditory functions by auditory brainstem 

response (ABR) and distortion product otoacoustic 

emission (DPOAE), cochlea histological recovery by 

scanning electron microscopy (SEM) and memory 

impairment using object recognition test during ten weeks 

of treatment. We showed that daily NAC treatment 

induced otic- and neuro-protective effects in SAMP8 

mouse model. 

 

MATERIAL AND METHODS  

 

Animals and drug administration 

 

SAMP8/TaHsd female mice (weight 17-22 g), were 

obtained from Envigo at 3 weeks of age and maintained 

under specific pathogen-free conditions. Before starting 

the study, we allowed the mice to acclimatize for 7 days. 

Mice were kept in the animal facility in clear macrolon 

cages at 22±2°C, subjected to standard light cycles and 

with standards diet and water ad libitum. N-acetyl-L-

cystine (Sigma Aldrich, A7250-50G) was diluted in the 

drinking water at 10 g/L and new solution was prepared 

every week during 10 weeks of treatment. The animals 

were treated with NAC from 30 to 105 days of age. All 

animal experiments were conducted in accordance with 

the European Directives (#2010/63/UE). 

Auditory brainstem response (ABR)  

For ABR studies, mice were anesthetized using a mixture 

of ketamine (100 mg/kg) and xylazine (10 mg/kg) and the 

tragus was removed using sterile scissors in order to open 

the external auditory canal. Then, animals were placed in 

an acoustic chamber to completely isolate them from 

exterior noise and on a thermostatically regulated heating 

pad to maintain the temperature at 37°C. Animals were 

placed by group of three and earphones (Philips 

SHE8500) were disposed in the left ear of each mouse. An 

active electrode was placed in the vertex of the skull, a 

reference electrode under the skin of the mastoid bone and 

a ground electrode was placed in the neck skin. Sound 

waveforms were generated from Matlab, they consisted in 

tone pips of 2 milliseconds linear rise/fall times and no 

plateau, the stimuli were delivered at a rhythm of 20 per 

second. These were fed to TDT SA1 audio amplifiers 

which delivered their outputs to the earphones. The 

stimuli consisted of tone pip with center frequency of 8, 

16, 20, 24 and 32 kHz, to cover the mice auditory 

frequency range. These series of tone pip were presented 

at various sound levels ranging from 90 to 10 dB with 10 

dB steps. Evoked potentials were extracted by the signal 

averaging technique for each stimulus level. All 

biological signals were amplified through A-M system 

1700 amplifiers with a gain of 10000 and filtered between 

100 and 5 kHz. These signals were sent to analog/digital 

converter (CED Power 1401) and averaged several 

hundred times.  

Distortion product otoacoustic emission (DPOAE)  

For DPOAE measures, mice were anesthetized using 

ketamine/xylazine mixture and a probe (OtoPhyLab) was 

inserted into the external left ear canal. The primary tone 

F2 was set at 1, 1.5, 2, 3, 4, 5, 8, 12, 16, 24 and 32 kHz. 

The frequency ratio F2/F1 was set at 1.2. Both F2 and F1 

were given an intensity of 63 dB SPL. At all frequencies 

(F2), the input of DPOAE system received, digitized and 

evaluated the output of the microphone using the system 

software.  
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Object recognition test  

At the session 1, mice were placed individually in a 

squared open-field made in white plexiglass with a floor 

equipped with infrared light emitting diodes. Mice were 

habituated to the open-field during a 10-min duration 

session and their locomotor activity captured through an 

IR-sensitive camera and analyzed using the Ethovision 

software (Noldus).  

24 hours after session 1, two identical objects were 

placed at defined positions. Each mouse was placed in the 

open-field and the exploratory activity was recorded 

during 10-min. The activity was analyzed in terms of 

number of contact with objects and duration of contacts. 

Finally, 24 h after session 2, the object in position #2 was 

replaced by a novel one differing in color, shape and 

texture from the familiar object. We choose this long-time 

interval of 24 h to assess the long-term memory which is 

altered in this mouse model. Each mouse was placed again 

in the open-field and the exploratory activity was recorded 

during a 10-min duration session. The preferential 

exploration index was calculated as the ratio of the 

number of contacts with the object in position #2 over the 

total number of contacts with the two objects [11, 12].   

Scanning electron microscopy  

NAC and vehicle group mice were decapitated under deep 

anesthesia (ketamine/xylazine mixture) at 75 days of age 

and their cochleae were removed from the temporal bone 

and fixed in 2.5% glutaraldehyde in PHEM buffer (PIPES 

60mM, HEPES free acid 25mM, EGTA 20 mM, MgCl2 

2mM) overnight at room temperature. Then, the stria 

vascularis, tectorial, and Reissner’s membranes were 

removed. After rinsing in PHEM buffer, the samples were 

dehydrated in a graded series of ethanol (30–100%), 

critical point dried in CO2, coated with gold palladium, 

and observed using a Hitachi S4000 microscope [13]. 

 

Figure 1. Experimental procedure and animal weight. A) Schema of the experimental 

study. B) Mouse body weight evolution of NAC or vehicle treated group during the study. 

Data are shown as mean ± SEM. Significance was set at **p < 0.01. n = 6 mice by group.  
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Figure 2. ABR thresholds representation. Auditory Brain Response thresholds of NAC (red line) and 

vehicle (black) treated mice at 8, 16, 20, 24 and 32KHz at the indicated age (A-F). The age of mice is 

indicated on each the graph (days old). ABR thresholds of NAC (red line) and vehicle (black) treated 

mice at 16 kHz (G) and 24 KHz (H) during the time experiment. Data are shown as median ± MAD. 

Significance was set at *p < 0.05 and ** p < 0.01. n = 6 mice by group.  
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Statistical analysis  

Descriptive statistics by groups are provided with 

MEDIAN ± MAD (median ± Median Absolute Deviation) 

for ABR measures and with MEAN ± SEM (arithmetic 

mean ± Standard Error of the Mean) for animal body 

weight, DPOAE measures and memory test. A 2-way 

analysis of the covariance on ranks with repeated 

measurements on frequencies with animal’s baseline 

value as covariate was performed. A spherical correlation 

structure between frequency was used. Post-hoc analysis 

to compare NAC versus vehicle (water) group at each 

frequency was performed with the Dunnett p-value 

adjustment for multiplicity correction for ABR and 

DPOAE measures. 1-way ANOVA followed by t-test was 

performed for memory test analysis to compare NAC 

versus vehicle (water) group. 

 

 

Figure 3. Distortion product otoacustic emission amplitude representation. DPOAE amplitude 

level of NAC (red line) and vehicle (black line) at 1, 4, 6, 8, 10, 12, 16, 20, 25 and 32 kHz and an 

intensity of 63 dB SPL. The age of mice is indicated on each the graph (days old). Data are shown 

as mean ± SEM. Significance was set at *p < 0.05. n = 6 mice by group. 
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RESULTS  

Decrease of body weight of NAC-treated SAMP8 group  

To determine the influence of an antioxidant agent in age-

related changes, we added NAC in the drinking water at 

10g/L and we measured auditory functions for 10 weeks 

and memory impairment at 60 and 105 days old. NAC was 

administrated at 30 days of age, just after the first ABR 

threshold and DPOAE measures (baseline) and we 

stopped the treatment after the last ABR, DPOAE and 

memory test measures (at 105 days of age) (Fig. 1A). We 

also measured mouse body weight in order to determine 

the effect of daily NAC administration on body mass. We 

observed that NAC treated group presented a significant 

reduction of body weight compared to vehicle (water) 

group. NAC treated group reached a plateau of 26.9 ± 0.8 

g at 105 days old whereas vehicle group presented a body 

weight of 31 ± 0.5 g the same age (Fig. 1B). This 

reduction could be explained by a role of NAC on eating 

and satiety regulation by increasing the activity of the 

cystine-glutamate antiporter as previously explained by 

Hurley and collaborators [14, 15].  

 

 

Figure 4. Scanning electron microscopy cochleae representative images of mice treated 

with NAC (right panels) and vehicle (left panels). A) Global view of middle part of cochlea 

showing the presence of IHC and OHC of treated mice. Arrows and asterisks mark the loss of 

OHC and IHC respectively. Scale bar = 15 µm. B) Magnification of OHC stereocilia of NAC 

and vehicle treated mice. Scale bar = 3 µm. C) Magnification of IHC stereocilia of NAC and 

vehicle treated mice. Scale bar = 5 µm. n = 3 mice by group. These images are representative 

images of 3 independent animals. 
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NAC treatment reduces age-related ABR thresholds 

elevation in SAMP8 mice  

ABRs are electric potentials recorded from scalp 

electrodes, and the first ABR wave represents the summed 

activity of the auditory nerve fibers contacting the IHCs. 

Using ABR technique, we previously demonstrated that 

SAMP8 strain presented a progressive ABR threshold 

increase from 45 days of age due to the accelerated 

degeneration of auditory system reaching a plateau at 148 

days [16]. Here we observed that the ABR threshold 

values of NAC and vehicle groups were similar at baseline 

(30 days) (Fig. 2A). However, the ABR thresholds of 

NAC treated group were significantly lower from 45 to 75 

days at all analyzed frequencies compared to vehicle-

treated groups (Fig. 2B-D) and these ABR protective 

effects of NAC disappeared at 90 days of age (Fig. 2E-H). 

These results suggest that antioxidants are promising 

pharmacological candidates to delay the age-related 

hearing impairment. 

NAC treatment reduces age-related DPOAE amplitude 

decrease and protects hair cells in SAMP8 mice  

On the other hand, DPOAEs are acoustic signals created 

and amplified by the cochlear epithelium offering an 

index of cochlear function and are linked to outer hair cell 

health (OHCs) [17] which amplify sound-evoked cochlear 

vibration. They do not depend on IHCs or auditory nerve 

fibers. It has long been established that DPOAE decrease 

in amplitude with increasing hearing loss [18] but there is 

also evidence that aging, independent of hearing loss, 

reduces otoacoustic emissions amplitude [19]. We 

observed that DPOAE amplitudes were similar at baseline 

(30 days of age) in NAC and vehicle treated groups (Fig. 

3A) and the DPOAE amplitude of SAMP8 mice 

progressively decreased in vehicle group as we previously 

demonstrated [16]. However, the DPOAE amplitude of 

NAC treated mice were small but significantly higher at 

16 kHz at 60 days of age (Fig. 3C) and at 16 and 24 kHz 

at 75 days of age (Fig. 3D) compared to vehicle-treated 

SAMP8 mice. Moreover, as observed in ABR threshold 

data, the effect of NAC on DPOAE was not observed 

anymore from 90 days (Fig. 3E, F) suggesting that NAC 

treatment was able to delay, but not to abolish, the loss of 

cochlear hair cell due to senescence process. 

To corroborate these results, we analyzed cochlear 

hair cell presence using scanning electron microscopy at 

75 days of age. We observed IHC and OHC loss in vehicle 

treated group whereas NAC treatment protected cochlear 

hair cells (Fig. 4A) corroborating the positive effect of 

NAC on DPOAE and ABR measures previously observed 

at the same age. However, no significant differences were 

observed in the morphology of IHC and OHC stereocilia 

between vehicle and NAC treated groups (Fig. 4B, C). 

 

 

 
Figure 5. Object recognition test representation. Working memory test of NAC and vehicle treated mice at 60 and 105 days old 

represented as % of frequency of interactions with the new object (A) and % of time spent with the new object (B) respectively. Data 

are shown as mean ± SEM. Significance was set at **p < 0.01 and ***p < 0.001. n = 6 mice by group. 
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NAC treatment improves age-related memory loss 

without effects on anxiety  

 

SAMP8 mice have been initially described as a model of 

age-related central nervous system degeneration and 

Alzheimer characterized by working and spatial memory 

impairment [20, 21], for this reason we determined the 

effect of NAC treatment in SAMP8 mouse memory using 

the object recognition test. It is well characterized that 

animals presenting memory deficits spend similar time 

and interaction number with both objects (around 50%) 

whereas healthy animals spend more time and interaction 

number with the new object (more than 60%) [11, 12]. In 

this way, we observed that NAC treated mice presented 

around 60% and 70% of interactions with the new object 

at 60 days and 105 days of age respectively, whereas 

vehicle groups remained around 40% and 50 % of 

interactions respectively (Fig. 5A). Moreover, the 

percentages of time spent with the new object were also 

higher in NAC treated mice compared to vehicle treated 

mice at these ages (Fig. 5B) confirming that NAC 

treatment significantly improved memory performance in 

SAMP8 mice at the early and advance stages of the 

senescence process. 

 

DISCUSSION  

Here, using functional and histological studies, we 

demonstrated that daily NAC treatment was able to delay, 

but not to inhibit, the onset of hearing impairments due to 

accelerated senescence process. We also showed that 

NAC treatment improved memory in SAMP8 mice. To 

explain these results, we hypothesized that NAC reduced 

the overexpression of ROS produced by mitochondria 

leading to a reduction of cellular and mitochondrial 

damage and preventing cochlear hair cell and neuron 

apoptosis. Taken together, these data confirm that NAC 

induces otic- and neuro-protective effects in a model of 

accelerated senescence. 

However, whereas the protective effect of NAC in 

ABR thresholds was strong, this effect remained moderate 

in DPOAE measures. It is well known that SAMP8 model 

presents a progressive degeneration of peripheral and 

central nervous system [6, 7] and because ABR represents 

the summed activity of neurons of nervous system we 

supposed that NAC mainly prevents neuronal 

degeneration explaining the strong effect in ABR 

thresholds protection. Moreover, corroborating this 

hypothesis we also observed that NAC significantly 

improved memory in SAMP8 suggesting that NAC was 

able to delay the degeneration of central nervous system 

neurons. 

On the other hand, this effect of NAC is weaker in 

cochlear hair cells than neurons. We observed a protection 

of DPOAE amplitude decrease in two frequencies and this 

cochlear cell protection is also observed using SEM 

imaging. Nevertheless, we observed the same positive 

effects of NAC in ABR and DPOAE readouts from 45 to 

75 days of age, showing a hearing improvement by 

neuronal and cochlear cell protection at the same time.  

Finally, because at the end of the study (105 days old) 

ABR and DPOAE of vehicle and NAC treated mice are 

similar, we hypothesized that NAC treated mice presented 

a fast degeneration of IHCs and OHCs reaching a plateau 

of cell loss like vehicle treated mice and leading to the 

similar hearing loss in both groups. 

Cochleae are extremely vulnerable to oxidative stress 

because of the high metabolic demands of their 

mechanosensory hair cells in response to sound 

stimulation. Normally, ROS produced by hair cell 

mitochondria during physiological conditions are 

scavenged by hair cell endogenous antioxidant 

mechanisms. However, in aging conditions, the 

expression of ROS scavenger enzymes decreases and the 

oxidative species unbalance leading to the increase of 

oxidation and genetic and cellular alterations which cause 

cellular dysfunctions and progressive cochlear 

degeneration [22]. This increase of ROS also induces 

impaired blood flow to the cochlea, inflammation and 

degeneration of supporting structures and nerve fibers 

[23].  

In this way, antioxidants such as glutathione, d-

methionine, resveratrol and ascorbic acid, all attenuated 

noise-induced hearing loss in animal models when given 

before noise exposure [24]. Interestingly, polymorphisms 

in the gene encoding catalase have been linked to an 

increased susceptibility to hearing loss in humans, and 

mice that are heterozygous for a mutation in Sod1 gene 

show an increased vulnerability to hearing loss induced 

by noise exposure [25]. These genetic findings provide 

additional evidence that antioxidant treatment might be 

crucial for the maintenance and recovery of normal 

hearing under loud noise conditions. Taken together, 

these data suggest that the therapy focusing in the 

reduction of this increase of oxidative stress in cochlea, 

including the enzymes that are involved in glutathione 

metabolism and in the breakdown of superoxide anions 

and hydrogen peroxidase, could be feasible options for the 

treatment of several types of hearing loss. 

Corroborating this hypothesis, some clinical and 

military trials have been carried out for temporary 

threshold shift, in which administration of antioxidant 

nutritional supplements before moderate noise exposure 

showed some beneficial effects [26, 27]. However, 

clinical trials using NAC remain presently controversial 

and inconclusive. Whereas Kramer and collaborators 

published that NAC treatment didn’t provide protection 

from temporary thresholds shifts after noise exposure 
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[28], Kopke and collaborators demonstrated that NAC 

significantly reduced auditory threshold shifts and 

DPOAE changes in military subjects undergoing routine 

weapons training [29].  However, whereas our results 

suggest a preventive effect of NAC in the age-related 

senescence process until now no long-term preventive 

clinical studies have been carried out in humans.  

For this reason, the development of new antioxidant 

compound is essential to understand the role of oxidative 

stress in hearing impairment and to prevent age-related 

hearing loss in the future. 
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